The article deals with the design of appropriate properties for a brick raw material in the production of frost resistant product. Additives based on bentonite and zeolite were added to the brick clay at doses ranging from 1 to 10%. The test samples were fired at 1055 C. The achieved results indicate that the initial material should not contain a high proportion of substances that increase the pore volume. Increased pore volume can cause not only the presence of organic matter and carbonates, but also an inappropriate particle size distribution of this initial material. When assessing the frost resistance a well known empirical relationship by Maage has been used. Authors conclude that this empirical relationship is only suitable for a limited number of brick products. In this case plays an important role the particle size distribution of the input raw materials material and the firing temperature. At the same time these products would need to be exposed to freeze-thaw cycles for long time periods before determining of the pore structure.
Inroduction
A high frost resistance of a brick body is one of the signs of good quality of roofing tiles. The term "frost resistance of a brick body" means the ability to withstand a prescribed number of cycles of freezing and thawing under the predefined conditions. 1) , 2) The individual physical properties of a brick body, such as bulk density, compressive strength and thermal conductivity are affected by its pore structure to such a degree that the relationships between them can be expressed by mathematical formulas.
3) By using these mathematical formulas we can calculate the volume of those pores, which cannot be measured by the application of a high-pressure mercury porosimeter. 4) It has been found that in the brick body this volume can be up to about 10%. 5) A somewhat different situation is in the search of mathematical formulas or criteria for the evaluation the frost resistance of brick products by using properties of a brick body. As far as we know, several variables are contemplated for this evaluation, such as volume and median pore radius, volume of the pores at a particular pore diameter, water absorption, capillarity and other. 6) 12) We can also include the well-known empirical relationship according to Magge among such evaluations: 6) F ¼ 3:2=PV þ ð2:4 Ã P3Þ ð 1Þ
Where: F durability factor of the brick, PV sum total of the pore volume in cm 3 /g, P3 percentage of the pore volume with a diameter > 3¯m of the total pore volume.
From calculated value of F the frost resistance of brick products can be determined as follows: F > 70 product is frost resistant, F = 5570 transitional range, F < 55 product is not frost resistant. This empirical relationship was created by monitoring 13 different types of bricks, of which 12 have already been exposed to freeze-thaw cycles before determining the pore structure. This procedure was very common also among other authors who have tried to find a relationship between properties of brick products and their frost resistance after freeze-thaw cycles only. These products were in many cases placed in the outdoors for tens or hundreds of years. 13)15) In this way also Lach and Voborský assesed the frost resistance on roofing tiles of various age. 13) They defined in a very simple way a frost-resistant and not frostresistant roofing tile which for example, can be also displayed by using histograms, see Figs. 1(a) and 2.
This relation (1) includes only two variables the total of the pore volume and percentage of the pore volume with a diameter Fig. 1 . Clay roofing tiles non frost resistance. 13) >3¯m of the total pore volume. Despite the fact, that we need a pore size distribution measuring (high pressure mercury porosimetre) to determine these properties, this empirical relationship is applied very frequently in the evaluation of frost resistance of brick products. 16)21) In these works, we can also find results where the test samples on one hand achieved a high number of freeze-thaw cycles (²100), but on the other hand, their frost resistance factor was F < 55. 17) Only Friese 14) in his work reached a consensus between the number of freeze-thaw cycles and the frost resistance factor F. This consensus, according to our view, is based on the fact that his test samples, as in the case of Maage, were exposed for a long time to freeze-thaw cycles before determining the properties of brick body.
In this case probably a similar type of brick body was used and during the freeze-thaw cycles the same change occurred in its pore system. The work 22) states that during the freezing and thawing cycles in the brick body a continuous change occurs in the pore system in which the small pore volume decreases and conversely large pore volume increases. This change is all the greater, the lower is the firing temperature. For example, the pore volume above 3¯m in the brick body fired at 900°C after 80 freeze-thaw cycles, increases 2.5-fold. This fact must therefore significantly affect the calculation of frost resistance factor F, too.
Let's devote our attention again to the two variables which are in a relationship (1) . The literature, 23) for example states the knowledge about the influence of pore volume on the frost resistance of a brick body. Here it was found that at almost the same water absorption or the same pore volume in the brick body, the author obtained different frost resistance values. It was also concluded that the number of freeze-thaw cycles increases with the increase of the median pore radius and this relationship can be expressed by a mathematical function. Similar results were also obtained in. 24) , 25) This acquired knowledge can be summarized in a following way: The pore volume has only a secondary role, while the median pore radius has the primary role for the evaluation of frost resistance of a brick body.
Based on current knowledge we know that the pore structure of a brick body depends from several factors such as the firing temperature, chemical, mineralogical and particle size distribution of raw materials and the like. 17),25)31) Undoubtedly the greatest importance has the firing temperature or the presence of flux. The aim of this paper is to contribute to a better knowledge of how the suitability of the input raw material influences the frost resistance of a brick body and to propose a modification of the evaluation of frost resistance according to Maage for nonfreezing brick products on the basis of the results obtained.
Materials and methods 2.1 Raw materials and their properties
The brick clay for the production of roofing tiles was obtained from the brickfield in Slapanice ("SL"), see Table 1 , Figs. 3 and 4. Five different additives were added to this raw material, their important characteristics are given in Table 2 . The particle size distribution of these additives is listed in Table 3 and shown 
Fig. 3. X-ray diffraction profile for a brick clay (SL) and additives bentonite (B) and zeolite (Z).
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in Fig. 4 . These additives were selected in order to use the secondary raw materials based on bentonite and zeolite in the manufacture process of roofing tiles.
Preparation of test samples
The additives listed in Table 2 have been added to the brick clay (SL). The additive bentonite ("B") was added at doses of 1; 2.5; 5; 7.5 and 10%. The additive bentonite sludge ("BS") was added at doses of 1 and 2.5% only (higher dose has been very problematic in terms of homogeneity). Additives zeolite ("Z"), zeolite actived ("ZA") and zeolite actived + milled ("ZAM") have been added at doses of 2.5; 5; 7.5 and 10%. All mixtures were homogenized in a laboratory mixer. The test specimens (100 © 50 © 20 mm) were manufactured from a plastic clay body at constant plasticity according to the standard STN 72 1074 (Pfefferkorn = 30 « 0.5 mm). After that they was held for 48 h at a laboratory temperature (20°C) and then dried at 110°C to constant weight. Specimens were fired in an electric laboratory furnace with a regulated regime of firing. We have maintained a stable oxidation environment within the furnace and the firing curve applied in the brickworks of Slapanice was used with the maximum temperature of 1055°C.
Test methods
The test method for measuring of selected properties of plastic clay body and brick body were made according to the standards listed in the Table 4 .
Porosity measurements (pore volume and median pore radius) were made using a high pressure mercury porosimeter (Thermo Finnigan Pascal 240, firm Thermo Scientific). This measurement was performed on the test samples before freeze-thaw cycles.
Results achieved
In Fig. 5 we can see the different impact of applied additives on the working moisture content at constant plasticity of a clay body. This is the first important factor that may or may not significantly affect the pore structure of the brick body, see Figs. 6 and 7. The presence of additives bentonite sludge (BS) and zeolite actived (ZA) in the brick clay proves just that. The highest value of working moisture content is achieved with the Montmorillonite content of about 90%. Great adsorbent power with high swelling properties (particle size distribution, see Table 3 ).
BS
Bentonite sludge (Majorbenton B, AEB Group SPA, Italy) Majorbenton B in the form of sludge obtained from the plant for the production of wine (particle size distribution, see Table 3 ).
Z Zeolite (Zeolite dust, ZEOCEM JSC, Slovakia) Waste resulting from the processing of zeolites (particle sizedistribution, see Fig. 4 ).
ZA
Zeolize actived (Klinopur-Mn, ZEOCEM JSC, Slovakia) The surface of zeolite activated by manganese oxides after its use for removal of Fe and Mn from water (particle size distribution, see Fig. 4 ).
33)
ZAM Zeolite actived + milled (Klinopur-Mn, ZEOCEM JSC, Slovakia) Klinopur-Mn modified by milling (particle size distribution, see Fig. 4 ). additive of bentonite sludge (BS) at its maximum dose of 2.5% where we simultaneously monitor also an increase in the pore volume. Conversely, the addition of zeolite actived (ZA) leads to the lowest increase of the working moisture content, but at the same time we can observe a marked increase in pore volume as compared with the bentonite sludge additive. The median pore radius increases at the application of all the additives, see Fig. 7 . The second important factor that can affect the pore structure of a brick body are various combustible materials expressed as weight loss during firing. In our case, only one additive exhibits an increased proportion of combustible material, and it is the bentonite sludge additive (BS), see Table 5 . In this sample, the organic substances from wine are absorbed, which was reflected in the weight loss on the DTG curve (BS) at temperatures above 200°C, see Fig. 8 .
The third important factor that affects the pore structure of the brick body is its total change in length of the sample after firing, see Figs. 9 and 10. When we evaluate this property, we encounter two different alternatives. In the first case, when applying the bentonite sludge additive (BS) a increase in the total change of sample length after firing occurs together with an increase in pore volume (Fig. 9) . The second case concerns the zeolite actived additive (ZA). Here, with the decrease of the total change in length of sample after firing, the median pore radius increases significantly (Fig. 10) .
When viewing the relationship between pore volume and median pore radius, we see their interesting course, see Fig. 11 . When applying additives bentonite (B), zeolite (Z) and zeolite actived (ZA) in the brick clay the increase of the median pore radius is much smaller than with the additives bentonite sludge (BS) and zeolite actived (ZA), where in the first case, the pore volume decreases and in the second case the pore volume increases. Here we suppose that this interesting relationship between pore volume and median pore radius has a significant effect on the number of freeze-thaw cycles, see Figs. 12 and 13. High degree of similarity between Figs. 11 and 12 proves the same. The effect of the pore volume on the frost resistance of a brick body with the individual additives can be seen in Fig. 12 . Number of freeze-thaw cycles grows at not only in case of a decreasing pore volume, but also in case of their growth. Increase of the number of freeze-thaw cycles is much more intense in case of a decreasing pore volume [(bentonite (B), zeolite (Z) and zeolite actived + milled (ZAM)] as compared with an increasing one [(bentonite sludge (BS), zeolite actived (ZA)]. In the case of the effect of the median pore radius on the number of freeze-thaw cycles only growth is observed for all the ingredients applied, see Fig. 13 . Also in this case when applying the bentonite (B), zeolite (Z) and zeolite actived + milled (ZAM) additives we observe a more intense increase as compared with the ingredients bentonite sludge (BS) and zeolite actived (ZA).
To conclude we have used selected properties of the pore structure of brick body, obtained with the individual additives (Table 4) , in assessing the suitability of the empirical relationship according to Maage (1) for brick products not yet exposed to freezing. These results are graphically shown in Fig. 14 . In this picture we can see a relatively large variance between the calculated frost resistance factor F and the actual number of freezethaw cycles. They can be divided into three groups in terms of variance.
The first group is represented by the brick body, where frost resistance factor F decreases. This brick body was created by adding additive bentonite sludge (B) to the brick clay (SL). Such addition represents substances that considerably increase the pore volume of the fired brick body. The second group represents the brick body, where frost resistance factor F grows slowly, but on the other hand, the number of freeze-thaw cycles increases significantly. In this case, the brick body was created by adding additives bentonite (B), zeolite (Z) or zeolite actived + milled (ZAM) to the brick clay (SL). Their common characteristic is a high proportion of grains under 0.5 mm. The third group is represented by the brick body, where frost resistance factor F is growing fast, but at the expense of slow growth freeze-thaw cycles. This brick body was created by adding zeolite actived additive (ZA) to the brick clay (SL). This additive is characterized as mono-fraction from 0.5 to 2 mm.
Let's look back to Figs. 12 and 13 and specifically on the brick body with bentonite sludge (BS) and zeolite actived (ZA) additives that act as representatives of the first and third groups. These brick bodies are characterized by much lower values in the number of freeze-thaw cycles compared with the brick bodies in the second group. The common feature of these two additives is that their presence in the brick clay affected not only an increase of the pore volume but of median pore radius as well.
In the case of the bentonite sludge (BS) additive it was the high adsorption ability of montmorillonite which influenced the value of the working moisture content even at a low dosage (see Fig. 5 ). In this case, the increase in the pore volume was also affected by the presence of organic combustible materials (Table 4 and Fig. 8 ). Conversely, in the case of the zeolite actived additive (ZA), an increase of pore volume was caused by the smallest total length changes on the fired brick body, see Fig. 9 . In this picture we have a possibility to see also the effect of different grain size of zeolite actived (ZA) and zeolite actived + milled (ZAM) additives on the total length change or on the pore volume.
Evaluation and conclusion
Five different additives based on bentonite and zeolite were added to the brick clay (SL) in doses of 1 to 10%. After the firing, we obtained the brick body with different pore structure, which was subjected to freeze-thaw cycles up to the creation of the first crack. In the evaluation of the impact of the pore structure on its frost resistance, we used an empirical relationship according to Maage. A relatively large dispersion between the calculated frost resistance factor F and the actual number of freeze-thaw cycles is an evidence of the fact that this empirical relationship cannot include all input factors. Among those factors which caused this dispersion we can include mainly substances whose presence increased the volume of pores in the fired brick body.
On the one hand these can be substances that radically improve the working moisture content in a clay body (for example montmorillonite with a high adsorption ability) or substances which in the process of firing increase the pore volume (for example combustible or thermal decomposition of carbonates). On the other hand, it may be an inappropriate particle size distribution of the brick raw material (for example, high proportion of grains above 0.5 mm). At this point it should be noted that all test samples were fired at a constant temperature of 1060°C.
When evaluating our test samples based on the frost resistance factor F according to Maage (the brick body is frost resistance if F > 70), not a single sample has not complied with this criterion. While on the reference sample (SL) we have, for example, recorded 155 freeze-thaw cycles up to the creation of a first crack. In this case, the calculated factor of frost resistance according to Maage is only F = 28.2. This low value of frost resistance factor F proves only that the criteria set out according to Maage are not accurate for the brick body which has not been exposed to freeze-thaw cycles. In this case, higher levels of frost resistance factor F could be achieved only under the following two conditions:
• the brick body would have to be exposed to a certain number of freeze-thaw cycles to increase several times the pore volume above 3¯m, • at the same time a low firing temperature should be applied to fulfill the previous condition, see ref.
22)
Based on the large dispersion between the calculated frost resistance factor F and the actual number of freeze-thaw cycles we can conclude that the empirical relationship according to Maage is only suitable for a limited number of brick products. These products should be fired at a temperature of about 900°C. The brick clay may not contain a high proportion of substances that increase the pore volume, and may not also contain a high proportion of grain above 0.5 mm. These brick products would need to be exposed to freeze-thaw cycles for long time periods before determining of the pore structure.
So far, the only reliable parameter for the assessment of frost resistance of a brick product is the median pore radius. For this parameter, a principle applies, that if its value grows, the frost resistance also increases. 23) Frost resistance value can be, however, affected by properties of the input material and the firing temperature. If the input material contains substances whose presence radically increases the volume of pores in the brick body then an increase of frost resistance is significantly slowed. As to the firing temperature, frost resistance grows with its value. We recommend applying a temperature above 1000°C. 25) 
